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(57) ABSTRACT

The invention relates to a method for acquiring, by use of a
continuous-wave electron spin resonance imaging scheme
that sweeps a magnetic field, a '*N nitroxy radical distribu-
tion image and a '°N nitroxy radical distribution image in a
single image capturing operation. This image acquiring
method is characterized in that the central one (B) of three
absorption peaks derived from **N nitroxy radical is caused
to move to a higher or lower magnetic field side and Fourier
transform is used to determine a parameter (o), which repre-
sents the amplitude of the absorption peak of the higher or
lower magnetic field side, and a parameter (y) which repre-
sents the peak position of that absorption peak.

2 Claims, 4 Drawing Sheets

ABSCRPTION PEAX C OF
HIGHER MAGNETIC FEELD SIDE
GENTRAL ABSORPTION PEAK B

MN-~labeled
mitroxyt radicals

5N-labeled

nitroxyl radicals

26 27

28

29 30

Magnstic flield [mT]



US 9,121,918 B2
Page 2

(56) References Cited European Patent Application No. 11812047.6, Extended European
Search report dated Dec. 12, 2014, five (5) pages.
Pawlak, A., et al., “Simultancous CW-EPR Imaging of Isotopic
OTHER PUBLICATIONS Nitroxyl Radicals”, Proc. Soc. Mag. Reson. Med., vol. 19, 2011, p.
1470.
M. Maltempo et al., “Spectral-Spatial Two-Dimensional EPR Imag-

ing”; Jrnl. of Magnetic Resonance, vol. 72, p. 449-55 (1987). * cited by examiner



U.S. Patent Sep. 1, 2015 Sheet 1 of 4 US 9,121,918 B2

ESR signal intensity [au ]

200 300 400 500
Data points

FIG1A
ABSORPTION PEAK A OF ABSORPTION PEAK C OF
LOWER MAGNETIC FIELD SIDE HIGHER MAGNETIC FELD SIBE

| CENTRAL ABSCRPTION PEAK B S’

MN-labeled
mitroxyl radicals

.z,s: ABSORPTION PEAK Y
— (3F HIGHER MAGNETIC
FIELD SiDE

ABSORPTION PEAK X

OF LOWER MAGNETIC
FiELD SIDE

-labeled

nitroxyl radicals

24 25 26 27 28 28 30
Magnetic field [mT]

FIG.1B



U.S. Patent Sep. 1, 2015 Sheet 2 of 4 US 9,121,918 B2

OBTAN ESR SPECTRUM AND PROJECTION DATA 810

¥
DIYIDE ESR SPECTRUM MEASURED WITH
NO MAGNETIC FIELD GRADIENT APRLIED

S

3
SUBTRACT, FROM MIXED SPECTRA OF LUWER MAGNETIC FIELD SIDE, el bl
CENTRAL ABSORPTION PEAK B A5 CAUSED TO MOVE

o 1S UM OF e
------------------------------------ < SQUARE ERRORS 1 DESIGNATED DATA AREA >
~~ ML -

- 513

YES {DETERMINE PARSMETERS 2, v)

OIVDE PROJECTION DATA INTO SPECTRAL AREA OF LOWER MAGNETIC FIELD SIDE
AND SPECTRAL AREA OF HIGHER MACKETIC TIELD SEE 514

PROIEGTION DATA GF '
L NETROXY RADICAL OF HIGHER
MAGNETIC ELD SIDE

CALCULATE ABRORPTION PEAK A
OF LOWER MAGNETIC FIELD SIDE ™ §15

¥

SUBTRACT. FROM GVERLAPPING SPECTRA,
ABSORPTION PEAK A OF LOWER MAGNETIC FIELD SIBE

- 518

PROJECTION DATA GF BN
NITROXY RADICAL OF LOWER
MAGRETIC FIELD SIDE

4

RECONSTRUCT IMAGE okl RECONSTRUCT IMAGE 518

¥

¥
( B NITROXY RADICAL IMAGE ) ( “N NITROXY RADICAL IMAGE )

FIG.2




U.S. Patent Sep. 1, 2015 Sheet 3 of 4 US 9,121,918 B2

31—t

T0A wr™T

CONTROL INTERFACE

FOR MAGNETIC
FIELD SWLEPING
FOR MAN
MAGNETIC FIELD

14

X

FIG.3



U.S. Patent Sep. 1, 2015 Sheet 4 of 4 US 9,121,918 B2

= Z LD, 1.9mm

FIG.4A F1G.4B

FIGAC F1G.4D



US 9,121,918 B2

1

IMAGE ACQUIRING METHOD AND IMAGE
ACQUIRING APPARATUS

This is a National Phase Application filed under 35 U.S.C.
371 as a national stage of PCT/JP2011/004201, filed Jul. 26,
2011, an application claiming the benefit from the Japanese
patent Application No. 2010-167238, filed Jul. 26, 2010.

TECHNICAL FIELD

The present invention relates to an image acquiring method
and an image acquiring apparatus for acquiring a free radical
distribution image by use of an electron spin resonance imag-
ing method.

BACKGROUND ART

There is a demand for a technique that visualizes a distri-
bution of a specific molecule in an organism from a cell level
to an individual level. For example, a lifetime of a free radical
in an organism is short, and a spatial distribution thereof is
desired to be measured during a short period of time (for
example, several seconds). As an apparatus for detecting a
free radical, there is an electron spin resonance (ESR) imag-
ing apparatus. The ESR imaging apparatus can selectively
detect only a free radical by observing a magnetic moment of
an unpaired electron spin of a free radical using resonance
absorption of electromagnetic waves.

In a general ESR imaging method, a distribution of a kind
of free radical can be visualized, but a distribution of two or
more kinds of free radical cannot be visualized in a single
measurement. As techniques for visualizing a distribution of
two or more kinds of free radical, three techniques below are
reported.

As a first technique, an example is reported in which a
distribution of '*N nitroxy radical and a distribution of >N
nitroxy radical are simultaneously visualized using an over-
hauser effect MRI (see Patent Literature 1 and Non-Patent
Literature 1). In the overhauser effect MRI, electron spins in
two radicals are separately excited using different magnetic
fields by using a fact that an ESR absorption spectrum of >N
nitroxy radical is different from an absorption spectrum of
14N nitroxy radical when an electron spin is excited. Thus, a
distribution of two kinds of free radical is successfully visu-
alized.

As a second technique, an example is reported in which a
distribution of two or more kinds of free radical is visualized
by estimating a spatial distribution of an electron spin using
iterative deconvolution (see Non-Patent Literature 2). In this
example, a calculation is performed to reproduce measured
projection data using two kinds of spectra. For this reason,
time for a calculation of projection data and an image recon-
struction is required, and there is a limit to short time pro-
cessing.

As a third technique, an example is reported in which a
distribution of multiple kinds of free radical is visualized by a
spectral-spatial ESR imaging method (see Non-Patent Litera-
ture 3). The spectral-spatial ESR imaging method can per-
form a measurement without limiting a kind of free radical.
However, to visualize a two-dimensional distribution of a free
radical, a three-dimensional spectral-spatial imaging is
needed to be performed. To perform the three-dimensional
spatial imaging, generally, a spectrum of about the cube of the
number of projections (Np) of each direction is needed to be
obtained while changing a magnitude and a direction of a
magnetic field gradient, and a measurement time increases.
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Sci. U.S.A., Vol. 103, pp. 1463-1468 (2006).

NPL 2

T. Czechowski et. al, “Two-dimensional imaging of two types
of radicals by the CW-EPR method”, Journal of Magnetic
Resonance, Vol. 190, pp. 52-59 (2008).

NPL 3

M. M. Meltempo et al, “Spectral-spatial two-dimensional
EPR imaging”, Journal of Magnetic Resonance, Vol. 72,
pp. 449-455 (1987).

SUMMARY OF INVENTION
Technical Problem

An object of the present invention is to visualize distribu-
tions of two kinds of free radicals simultaneously (i.e., by one
imaging) by a normal continuous-wave (CW) ESR imaging
method.

Solution to Problem

Generally, when ESR spectra of two or more kinds of free
radicals are measured, absorption peaks thereof overlap each
other on a spectrum, which cannot be separated. Thus, a
distribution of each free radical cannot be visualized.

When an ESR spectrum of **N nitroxy radical and >N
nitroxy radical which is obtained by replacing nitrogen '*N
with nitrogen isotope **N is measured, three absorption peaks
(an absorption peak A on a lower magnetic field side, a central
absorption peak B, and an absorption peak C on a higher
magnetic field side) derived from **N nitroxy radical, and two
absorption peaks (an absorption peak X on a lower magnetic
field side and an absorption peak Y on a higher magnetic field
side) derived from '°N nitroxy radical are observed. The
inventor has noticed that the absorption peak A on the lower
magnetic field side overlaps the absorption peak X on the
lower magnetic field side, and the absorption peak C on the
higher magnetic field side overlaps the absorption peak Y on
the higher magnetic field side, but the central absorption peak
B can be measured independently of other absorption peaks.

Waveforms of the absorption peak A on the lower magnetic
field side, the central absorption peak B, and the absorption
peak C on the higher magnetic field side derived from *N
nitroxy radical are similar. Therefore, simulating waveforms
of'the absorption peak A on the lower magnetic field side and
the absorption peak C on the higher magnetic field side from
the waveform of the central absorption peak B is studied. In
the simulation, it is discovered that a position and an ampli-
tude of the absorption peak A on the lower magnetic field side
can be determined by moving the central absorption peak B to
the lower magnetic field side using Fourier transform. Simi-
larly, in the simulation, it is discovered that a position and an
amplitude of the absorption peak C on the higher magnetic
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field side can be determined by moving the central absorption
peak B to the higher magnetic field side using Fourier trans-
form.

That is, by continuously changing an exponent portion of a
complex exponential function using a shift in time-domain
(magnetic field in this case) of Fourier transform, it is possible
to adjust a position of a spectral line shape within an interval
between discrete data points.

On the other hand, in a method of moving a data point of
discrete data of the central absorption peak B, it is impossible
to accurately express discrete data of the absorption peak A on
the lower magnetic field side or the absorption peak C on the
higher magnetic field side since values at sampling points are
not the same. Data points are finite, and about dozens of
sampling points of an absorption peak are included at the
maximum. Thus, in the present invention, a parameter y that
adjusts a position of a spectral line shape at an accuracy (step
size) less than or equal to a discrete data point is searched in
order to most excellently approximate line shapes of the
absorption peak A on the lower magnetic field side or the
absorption peak C on the higher magnetic field side.

In this manner, when the absorption peak A on the lower
magnetic field side or the absorption peak C on the higher
magnetic field side obtained from the central absorption peak
B is subtracted from an ESR spectrum, it is possible to acquire
information about the absorption peak X on the lower mag-
netic field side and the absorption peak Y on the higher
magnetic field side derived from '°N nitroxy radical. Thus, it
is possible to construct a >N nitroxy radical distribution
image.

Further, it is possible to construct a '*N nitroxy radical
distribution image from information about the central absorp-
tion peak B without overlapping. Accordingly, it is possible to
easily acquire a "*N nitroxy radical distribution image and a
5N nitroxy radical distribution image in a single image cap-
turing operation.

The present invention relates to an ESR imaging method
for acquiring a free radical distribution image as described
below.

An image acquiring method for acquiring, by use of a
continuous-wave electron spin resonance (ESR) imaging
method including sweeping of a magnetic field, a **N nitroxy
radical distribution image and a *>N nitroxy radical distribu-
tion image in a single image capturing operation, the image
acquiring method includes: a process (1): a process for
acquiring an ESR spectrum including two absorption peaks,
which are an absorption peak A on a lower magnetic field side
or an absorption peak C on a higher magnetic field side and a
central absorption peak B, derived from '*N nitroxy radical,
and an absorption peak X on the lower magnetic field side or
anabsorption peak Y on the higher magnetic field side derived
from '°N nitroxy radical in a state in which a magnetic field
gradient is applied and a state in which a magnetic field
gradient is not applied; a process (2): a process for specifying
a parameter o that represents an amplitude and a parameter y
that represents a peak position of the absorption peak A on the
lower magnetic field side or the absorption peak C on the
higher magnetic field side using Fourier transform by moving
the central absorption peak B derived from **N nitroxy radi-
cal to the lower magnetic field side or the higher magnetic
field side in an ESR spectrum acquired in a state in which a
magnetic field gradient is not applied in the process (1); a
process (3): a process for acquiring information about the
absorption peak X on the lower magnetic field side derived
from *°N nitroxy radical by subtracting the absorption peak A
on the lower magnetic field side obtained using the parameter
a and the parameter y specified in the process (2) and the
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4

central absorption peak B from a spectral area including the
absorption peak A on the lower magnetic field side derived
from “*N nitroxy radical and the absorption peak X on the
lower magnetic field side derived from *°N nitroxy radical in
the ESR spectrum, or a process for acquiring information
about the absorption peak Y on the higher magnetic field side
derived from '°N nitroxy radical by subtracting the absorp-
tion peak C on the higher magnetic field side obtained using
the parameter cc and the parameter y specified in the process
(2) and the central absorption peak B from a spectral area
including the absorption peak C on the higher magnetic field
side derived from **N nitroxy radical and the absorption peak
Y on the higher magnetic field side derived from *°N nitroxy
radical in the ESR spectrum; a process (4): a process for
constructing a distribution image of **N nitroxy radical from
information about the central absorption peak B in the ESR
spectrum; and a process (5): a process for constructing a
distribution image of **N nitroxy radical from information
about the absorption peak X on the lower magnetic field side
or the absorption peak Y on the higher magnetic field side
acquired in the process (3).

According to a second aspect of the present invention, the
present invention relates to an ESR imaging apparatus for
acquiring a free radical distribution image as described below.

An image acquiring apparatus includes: a continuous wave
ESR apparatus that acquires an ESR spectrum of a measure-
ment sample; a magnetic field gradient coil that applies a
magnetic field gradient to the measurement sample; power-
supply devices that drive the magnetic field gradient coils;
and a computer that reconstructs an image using the ESR
spectrum acquired from the continuous wave ESR apparatus,
wherein the ESR apparatus is capable of acquiring an ESR
spectrum including two absorption peaks, which are an
absorption peak A onalower magnetic field side or an absorp-
tion peak C on a higher magnetic field side and a central
absorption peak B, derived from *N nitroxy radical, and an
absorption peak X on the lower magnetic field side or an
absorption peak Y on the higher magnetic field side derived
from **N nitroxy radical in a state in which a magnetic field
gradient is applied to the measurement sample by the mag-
netic field gradient coil, and a state in which a magnetic field
gradient is not applied, and the computer executes a process
(1): a process for specifying a parameter o that represents an
amplitude and a parameter y that represents a peak position of
the absorption peak A on the lower magnetic field side or the
absorption peak C on the higher magnetic field side using
Fourier transform by moving the central absorption peak B
derived from **N nitroxy radical to the lower magnetic field
side or the higher magnetic field side in an ESR spectrum
acquired in a state in which the magnetic field gradient is not
applied, a process (2): a process for acquiring information
about the absorption peak X on the lower magnetic field side
derived from '°N nitroxy radical by subtracting the absorp-
tion peak A on the lower magnetic field side obtained using
the parameter cc and the parameter y specified in the process
(1) and the central absorption peak B from a spectral area
including the absorption peak A on the lower magnetic field
side derived from '*N nitroxy radical and the absorption peak
X on the lower magnetic field side derived from '°N nitroxy
radical in the ESR spectrum; or a process for acquiring infor-
mation about the absorption peak Y on the higher magnetic
field side derived from '°N nitroxy radical by subtracting the
absorption peak C on the higher magnetic field side obtained
using the parameter o and the parameter y specified in the
process (1) and the central absorption peak B from a spectral
area including the absorption peak C on the higher magnetic
field side derived from “*N nitroxy radical and the absorption
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peak Y on the higher magnetic field side derived from °N
nitroxy radical in the ESR spectrum, a process (3): a process
for constructing a **N nitroxy radical distribution image from
information about the central absorption peak B in the ESR
spectrum, and a process (4): a process for constructing a 1°N
nitroxy radical distribution image from information about the
absorption peak X on the lower magnetic field side or the
absorption peak Y on the higher magnetic field side acquired
in the process (2).

Advantageous Effects of Invention

The image acquiring method of the present invention
makes it possible to acquire distribution images of *N
nitroxy radical and *°N nitroxy radical which are two kinds of
free radicals in a single image capturing operation by use of a
continuous-wave electron spin resonance imaging apparatus
which is a general ESR apparatus. Furthermore, the number
of projections to be acquired equivalent to the number of
projections in a conventional general two-dimensional ESR
imaging or three-dimensional ESR imaging is sufficient and
thus an image scanning in a short period of time is possible.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1A illustrates an ESR spectrum including an ESR
spectrum of **N nitroxy radical and an ESR spectrum of '°N
nitroxy radical;

FIG. 1B illustrates ESR spectra of each of "N nitroxy
radical and **N nitroxy radical;

FIG. 2 is a flowchart of an image acquiring method of the
present invention;

FIG. 3 is a conceptual diagram of an image acquiring
apparatus of the present invention;

FIG. 4A is a diagram illustrating a measurement cell used
in Embodiment;

FIG. 4B is a schematic diagram illustrating a layout
arrangement of a glass tube in the measurement cell;

FIG. 4C illustrates a **N nitroxy radical distribution image;
and

FIG. 4D illustrates a >N nitroxy radical distribution
image.

DESCRIPTION OF EMBODIMENTS
1. Image Acquiring Method of the Present Invention

The image acquiring method of the present invention is a
method for acquiring, by use of a continuous-wave electron
spin resonance imaging method including sweeping of a
magnetic field, a **N nitroxy radical distribution image and a
15N nitroxy radical distribution image in a single image cap-
turing operation.

A range of a magnetic field swept to acquire an ESR spec-
trum (projection) is set to include two peaks (an absorption
peak A on a lower magnetic field side and a central absorption
peak B, or an absorption peak C on a higher magnetic field
side and the central absorption peak B) of **N nitroxy radical
to be measured. A specific range is appropriately set accord-
ing to a kind of **N nitroxy radical.

The image acquiring method of the present invention
includes Processes (1) to (5).

Process (1) is a process for acquiring an ESR spectrum
including two absorption peaks, which are the absorption
peak A on the lower magnetic field side and the central
absorption peak B, derived from **N nitroxy radical and the
absorption peak X on the lower magnetic field side derived
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from **N nitroxy radical, or an ESR spectrum including two
absorption peaks, which are the central absorption peak B and
the absorption peak C on the higher magnetic field side,
derived from **N nitroxy radical and the absorption peak Y on
the higher magnetic field side derived from **N nitroxy radi-
cal in a state in which a magnetic field gradient is applied and
a state in which a magnetic field gradient is not applied.

An acquired ESR spectrum includes at least an ESR spec-
trum measured in a state in which a magnetic field gradient is
not applied, and an ESR spectrum measured in a state in
which a magnetic field gradient is applied. An ESR spectrum
acquired while systematically changing a direction of a mag-
netic field gradient is referred also to as projection data.

As described above, each of acquired ESR spectra (includ-
ing projection data) includes the absorption peak A on the
lower magnetic field side and the central absorption peak B
derived from '*N nitroxy radical and the absorption peak X
on the lower magnetic field side derived from **N nitroxy
radical, or includes the central absorption peak B and the
absorption peak C on the higher magnetic field side derived
from '*N nitroxy radical and the absorption peak Y on the
higher magnetic field side derived from **N nitroxy radical,
respectively. FIG. 1A illustrates an example of a spectrum
(projection) in which the absorption peak A and the absorp-
tion peak B of a spectrum of '*N nitroxy radical, and the
absorption peak X of a spectrum of **N nitroxy radical are
included.

FIG. 1B separately illustrates respective spectra of *N
nitroxy radical and *°N nitroxy radical. As seen from FIG. 1B,
the central absorption peak B among absorption peaks
derived from *N nitroxy radical does not overlap and is
independent of other absorption peaks. On the other hand, the
absorption peak A on the lower magnetic field side and the
absorption peak X on the lower magnetic field side are close
to each other and overlap each other, and the absorption peak
C on the higher magnetic field side and the absorption peak Y
on the higher magnetic field side are close to each other and
overlap each other. In particular, in an ESR spectrum (projec-
tion data) measured in a state in which a magnetic field
gradient is applied, a spectral line shape changes by reflecting
a spatial distribution of an electron spin and thus, an overlap-
ping degree increases. Accordingly, it is impossible to sepa-
rately acquire respective distribution images of **N nitroxy
radical and *°N nitroxy radical.

Therefore, an operation for separating spectra of *N
nitroxy radical and '°N nitroxy radical is performed. The
separation operation is performed after dividing a measured
spectrum (projection) into a spectral area on the higher mag-
netic field side and a spectral area on the lower magnetic field
side. That is, when “the absorption peak A on the lower
magnetic field side, the central absorption peak B, and the
absorption peak X on the lower magnetic field side” are
included in a spectrum (projection), the separation operation
is performed after a division into a spectral area including the
central absorption peak B, and a spectral area including
absorption peak A of the lower magnetic field side and the
absorption peak X on the lower magnetic field side. On the
other hand, when “the absorption peak C on the higher mag-
netic field side, the central absorption peak B, and the absorp-
tion peakY on the higher magnetic field side” are included in
a spectrum (projection), the separation operation is per-
formed after a division into a spectral area including the
central absorption peak B, and a spectral area including the
absorption peak C on the higher magnetic field side and the
absorption peak Y on the higher magnetic field side.

Process (2) is a process for determining a parameter cc that
represents an amplitude and a parameter y that represents a
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peak position of the absorption peak A on the lower magnetic
field side or the absorption peak C on the higher magnetic
field side using Fourier transform by moving the central
absorption peak B derived from '*N nitroxy radical to a
higher magnetic field side or a lower magnetic field side in an
ESR spectrum acquired in a state in which a magnetic field
gradient is not applied in Process (1).

Specifically, first, a waveform f of the central absorption
peak B is moved to the higher magnetic field side or the lower
magnetic field side in an ESR spectrum measured in a state in
which a magnetic field gradient is not applied. When moved
to a lower magnetic field side, a position and an intensity
(amplitude) most closely matching the absorption peak A on
the lower magnetic field side are determined. Similarly, when
moved to a higher magnetic field side, a position and an
intensity (amplitude) most closely matching the absorption
peak C on the higher magnetic field side are determined.

Atthis time, a parameter o that represents an amplitude and
a parameter v that represents a position of a spectrum are
obtained. A waveform {,,,., obtained by moving the wave-
form f of the central absorption peak B is expressed as a
function of'a magnetic flux density B by the following Equa-
tion.

m [Equation 1]
Ssnifiea(B) = IFT O‘Z Cnexp(—iwyy)
=0

In the above Equation, IFT denotes inverse Fourier trans-
form, ¢, denotes an n-th complex Fourier coefficient of the
waveform f, i denotes a complex unit, and w,, denotes an n-th
spatial angular frequency.

Process (3) is a process for acquiring information about the
absorption peak X on the lower magnetic field side derived
from *°N nitroxy radical by subtracting the absorption peak A
on the lower magnetic field side obtained using the parameter
a and the parameter y determined in Process (2) and the
central absorption peak B under a magnetic field gradient
from a spectral area including the absorption peak A on the
lower magnetic field side derived from **N nitroxy radical
and the absorption peak X on the lower magnetic field side
derived from *°N nitroxy radical in the ESR spectrum, oris a
process for acquiring information about the absorption peak
Y on the higher magnetic field side derived from *°N nitroxy
radical by subtracting the absorption peak C on the higher
magnetic field side obtained using the parameter a and the
parameter y determined in Process (2) and the central absorp-
tion peak B under a magnetic field gradient from a spectral
area including the absorption peak C on the higher magnetic
field side derived from **N nitroxy radical and the absorption
peak Y on the higher magnetic field side derived from *°N
nitroxy radical in the ESR spectrum.

Specifically, for each of ESR spectra (spectrum measured
in a state in which a magnetic field gradient is applied, and
spectrum measured in a state in which a magnetic field gra-
dient is not applied) acquired in Process (1), data (spectral
line shape) obtained by moving the waveform f of the central
absorption peak B to a lower magnetic field side is acquired,
or data (spectral line shape) obtained by moving the wave-
form f of the central absorption peak B to a higher magnetic
field side is acquired using the parameter o that represents the
amplitude and the parameter y that represents the position of
the spectrum obtained in Process (2).

When acquired data is data obtained by moving the wave-
form f of the central absorption peak B to a lower magnetic
field side, information about the absorption peak X on the
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lower magnetic field side is acquired by subtracting the data
from a spectral area including the absorption peak A on the
lower magnetic field side and the absorption peak X on the
lower magnetic field side of an ESR spectrum. On the other
hand, when acquired data is data obtained by moving the
waveform f of the central absorption peak B to a higher
magnetic field side, information about the absorption peak Y
on the higher magnetic field side is acquired by subtracting
the data from a spectral area including the absorption peak C
onthe higher magnetic field side and the absorption peak Y on
the higher magnetic field side of an ESR spectrum.

Process (4) is a process for constructing a distribution
image of N nitroxy radical from information about the
central absorption peak B in the ESR spectrum.

Process (5) is a process for constructing a distribution
image of !°N nitroxy radical from information about the
absorption peak X on the lower magnetic field side or the
absorption peak Y on the higher magnetic field side acquired
in Process (3). Since the absorption peak X on the lower
magnetic field side and the absorption peak Y on the higher
magnetic field side have the same waveform, an image can be
reconstructed from either one of the absorption peaks X and
Y.

In this way, it is possible to acquire both a '*N nitroxy
radical distribution image and a *>N nitroxy radical distribu-
tion image in a single image capturing operation.

The above measurement flow is summarized in FIG. 2. In
the flow illustrated in FIG. 2, the central absorption peak B
derived from **N nitroxy radical is moved to a lower mag-
netic field side. However, the same result is obtained when
moved to a higher magnetic field side.

First,in S10, an ESR spectrum measured in a state in which
amagnetic field gradient is not applied and projection data are
acquired. The projection data includes an ESR spectrum mea-
sured in a state in which a magnetic field gradient is applied.
Herein, an area including the absorption peak A on the lower
magnetic field side and the central absorption peak B derived
from '*N nitroxy radical, and the absorption peak X on the
lower magnetic field side derived from '°N nitroxy radical is
measured. Thus, the absorption peak C on the higher mag-
netic field side derived from '*N nitroxy radical, and the
absorption peak Y on the higher magnetic field side derived
from **N nitroxy radical are not measured.

In S11, the ESR spectrum measured in a state in which a
magnetic field gradient is not applied is divided into a spectral
area on the higher magnetic field side and a spectral area on
the lower magnetic field side. The central absorption peak B
derived from '*N nitroxy radical is included in the divided
spectral area on the higher magnetic field side. On the other
hand, the absorption peak A on the lower magnetic field side
derived from '*N nitroxy radical and the absorption peak X
on the lower magnetic field side derived from **N nitroxy
radical are included in the spectral area on the lower magnetic
field side.

In S12, the central absorption peak B derived from *N
nitroxy radical is moved to a lower magnetic field side. The
moved peak is subtracted from a mixed spectrum of the
absorption peak A on the lower magnetic field side derived
from **N nitroxy radical and the absorption peak X on the
lower magnetic field side derived from '°N nitroxy radical. As
aresult of subtraction, the central absorption peak B is moved
so that a sum of square errors in a designated data area is
minimum (S13). When the sum of square errors in a desig-
nated data area is minimum, the parameter o that represents
an amplitude and the parameter y that represents a position of
a spectrum are obtained. Herein, a sum E,,c of square errors
is expressed by Equation below. Herein, 1, ,, represents a data
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area (data point m) designated in an ESR spectrum on the
lower magnetic field side divided in S14.

mn [Equation 2]
Egus = Z {fiow(®) = fonipea ()}

n=1

In S14, projection data (each ESR spectrum) measured in
S10 is divided into a spectral area on the lower magnetic field
side and a spectral area on the higher magnetic field side. A
spectrum on the lower magnetic field side is used in S15
through S17. On the other hand, a spectrum on the higher
magnetic field side is used in S18.

In S15, the absorption peak A on the lower magnetic field
side derived from “*N nitroxy radical is calculated based on
the parameter o representing an amplitude, the parameter vy
representing a position of a spectrum, and the central absorp-
tion peak B. In S16, projection data of **N nitroxy radical on
the lower magnetic field side is obtained by subtracting the
calculated absorption peak A on the lower magnetic field side
from a spectrum overlapping in the lower magnetic field side.
A "N nitroxy radical distribution image is acquired by recon-
structing an image using information about the absorption
peak X on the lower magnetic field side included in the
obtained projection data (S17).

In S18, an image is reconstructed using information about
the central absorption peak B derived from **N nitroxy radi-
cal, and a "*N nitroxy radical distribution image is acquired.

2. Image Acquiring Apparatus of the Present
Invention

The image acquiring apparatus of the present invention
includes components below.

1) Continuous wave ESR apparatus

2) Magnetic field gradient coil that applies a magnetic field
gradient to a measurement sample, and power-supply device
that drives the magnetic field gradient coil

3) Computer that reconstructs an image by acquiring spec-
tral data

FIG. 3 is a conceptual diagram of an image acquiring
apparatus of the present invention.

A continuous wave ESR apparatus includes, as main com-
ponents, a pair of main magnetic field magnets 10A and 10B,
a pair of magnetic field modulation coils 11A and 11B, and
resonator probe 13. The continuous wave ESR apparatus
includes power source 14 for magnetic field sweeping and
main magnetic field, amplifier 15 and modulation oscillator
16 connected to magnetic field modulation coils 11A and
11B, bridge 17 connected to resonator probe 13, radiofre-
quency oscillator 18 connected to bridge 17, and the like.

A pair of magnetic field gradient coils 20A and 20B that
apply a magnetic field gradient to a measurement sample is
disposed between main magnetic field magnet 10A and mag-
netic field modulation coil 11A, and between main magnetic
field magnet 10B and magnetic field modulation coil 11B,
respectively. The image acquiring apparatus of the present
invention further includes power-supply device 21 that drives
magnetic field gradient coil 20A.

A computer that acquires spectral data and reconstructs an
image includes phase-sensitive detection circuit 30 and data
acquisition control computer 31 connected to phase-sensitive
detection circuit 30. Data acquisition control computer 31
controls power source 14 and power-supply device 21.

The continuous wave ESR apparatus acquires an ESR
spectrum including three absorption peaks, which are the
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absorption peak A on the lower magnetic field side, the central
absorption peak B, and the absorption peak C on the higher
magnetic field side, derived from *N nitroxy radical, and the
absorption peak X on the lower magnetic field side and the
absorption peak Y on the higher magnetic field side derived
from '°N nitroxy radical in a state in which a magnetic field
gradient is applied to a measurement sample and a state in
which a magnetic field gradient is not applied to a measure-
ment sample. The continuous wave ESR apparatus may be a
known measurement instrument as an instrument itself.
Phase-sensitive detection circuit 30 of FIG. 3 outputs an ESR
spectrum acquired in the continuous wave ESR apparatus.

The computer that acquires spectral data and reconstructs
an image stores a program for processing an ESR spectrum
acquired in the continuous wave ESR apparatus according to
Processes (2) through (4) described above in data acquisition
control computer 31. The program causes the computer to
execute Processes (1) through (4) below.

Process (1): a process for specifying a parameter o that
represents an amplitude and a parameter y that represents a
peak position of the absorption peak A on the lower magnetic
field side or the absorption peak C on the higher magnetic
field side using Fourier transform by moving the central
absorption peak B derived from “*N nitroxy radical to a lower
magnetic field side or a higher magnetic field side in an ESR
spectrum acquired in a state in which the magnetic field
gradient is not applied. Process (2): a process for acquiring
information about the absorption peak X on the lower mag-
netic field side derived from '°N nitroxy radical by subtract-
ing the absorption peak A on the lower magnetic field side
obtained using the parameter o and the parameter y specified
in Process (1) and the central absorption peak B from a
spectral area including the absorption peak A on the lower
magnetic field side derived from *N nitroxy radical and the
absorption peak X on the lower magnetic field side derived
from >N nitroxy radical in the ESR spectrum; or a process for
acquiring information about the absorption peak Y on the
higher magnetic field side derived from >N nitroxy radical by
subtracting the absorption peak C on the higher magnetic
field side obtained using the parameter o and the parameter y
specified in Process (1) and the central absorption peak B
from a spectral area including the absorption peak C on the
higher magnetic field side derived from '*N nitroxy radical
and the absorption peak Y on the higher magnetic field side
derived from *°N nitroxy radical in the ESR spectrum. Pro-
cess (3): a process for constructing a **N nitroxy radical
distribution image from information about the central absorp-
tion peak B in the ESR spectrum. Process (4): a process for
constructing a °N nitroxy radical distribution image from
information about the absorption peak X on the lower mag-
netic field side or the absorption peak Y on the higher mag-
netic field side acquired in Process (2).

EXAMPLES

Aqueous solution of **N nitroxy radical and/or >N nitroxy
radical is prepared. A specific structure of a nitroxy radical is
as follows.

[Formula 1]

H;C CH;

H;C CH;

OH
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A measurement cell illustrated in FIG. 4A is prepared. Six
glass tubes (first to sixth glass tubes) are set in the measure-
ment cell illustrated in FIG. 4A. As illustrated in FIG. 4B,
each glass tube is disposed to be positioned at a vertex of a
regular hexagon. An amount of aqueous solution in each glass
tubeis 0.1 ml. A concentration of a nitroxy radical in aqueous
solution in each glass tube is as follows.

[First Glass Tube]

14N nitroxy radical 1.0 mM, **N nitroxy radical 0.0 mM

[Second Glass Tube]

N nitroxy radical 0.8 mM, *°N nitroxy radical 0.2 mM

[Third Glass Tube]

N nitroxy radical 0.6 mM, "°N nitroxy radical 0.4 mM

[Fourth Glass Tube]

N nitroxy radical 0.4 mM, "°N nitroxy radical 0.6 mM

[Fifth Glass Tube]

N nitroxy radical 0.2 mM, "°N nitroxy radical 0.8 mM

[Sixth Glass Tube]

14N nitroxy radical 0.0 mM, **N nitroxy radical 1.0 mM

For aqueous solution in each glass tube of the measurement
cell, distribution images of '*N nitroxy radical and N
nitroxy radical are concurrently acquired by the method of the
present invention using the continuous wave ESR apparatus.
A specific spectrum measurement condition is described
below. Under the condition below, the absorption peak A on
the lower magnetic field side and the central absorption peak
B derived from "*N nitroxy radical, and the absorption peak X
on the lower magnetic field side derived from *°N nitroxy
radical are measured.

Magnetic field sweeping width: 3 mT

Magnetic field sweeping time: 2 seconds

Magnetic field modulation amplitude: 0.03 mT

Magnetic field gradient: 40 mT/m

Time constant of a phase detection circuit: 3 ms

Number of projections: 64

Cumulated number: 8

Microwave power: 2.5 mW

FIG. 4C illustrates a *N nitroxy radical distribution image,
and FIG. 4D illustrates a '°N nitroxy radical distribution
image. As illustrated in FIGS. 4C and 4D, a *N nitroxy
radical distribution and a '*N nitroxy radical distribution can
be separately subjected to imaging (visualizing) in a single
measurement.

When a free radical distribution is visualized by an ESR
imaging method, a resolution 9 is obtained by dividing a line
width AB of an ESR spectrum by a magnetic field gradient G
(8=AB/G). For example, when a line width AB of an ESR
spectrum is 0.1 mT and a magnetic field gradient G is 50
mT/m, a resolution d is 2 mm (=0.1 (mT)/50 (mT/m)). How-
ever, ina process of an image regeneration, a resolution can be
improved by approximately twice due to an effect of decon-
volution. Thus, conclusively, it is possible to achieve a reso-
Iution of 8'=AB/(2G). In the above example, a resolution of 1
mm is achieved. Therefore, a resolution is mainly limited by
a line shape of a measured ESR spectrum of a free radical.
When a magnetic field gradient is increased to improve a
resolution, an excited electron spin decreases. As a result, a
signal strength of a spectrum decreases, and visualization is
difficult to be performed. Therefore, even though a detection
sensitivity is an element of determining a resolution conclu-
sively, a resolution is determined by a line width and an
applied magnetic field gradient under a condition in which a
signal can be sufficiently detected.

Inan ESR imaging apparatus used in Example, when 4-hy-
droxyl-2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPOL)
aqueous solution of 0.1 mM is measured in a magnetic field
sweeping for 0.1 second, a signal-to-noise ratio of an ESR
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spectrum is 40. When a measurement time (cumulative time)
is long, the signal-to-noise ratio is improved according to a
square root thereof.

This application claims priority to Japanese Patent Appli-
cation No. 2010-167238 filed on Jul. 26, 2010. The entire
contents disclosed in the specification and the drawings
thereof are incorporated herein.

INDUSTRIAL APPLICABILITY

According to the present invention, it is possible to visual-
ize a distribution of two kinds of free radical simultaneously
(in a single image capturing operation) for a short period of
time by a normal continuous-wave (CW) ESR imaging
method. For example, the image acquiring method and the
image acquiring apparatus of the present invention are useful
for measurement of a distribution of a free radical in an
organism.

REFERENCE SIGNS LIST

10A, 10B Main magnetic field magnet

11A, 11B Magnetic field modulation coil

13 Resonator probe

14 Power source for magnetic field sweeping and main mag-
netic field

15 Amplifier

16 Modulation oscillator

17 Bridge

18 Radiofrequency oscillator

20A, 20B Magnetic field gradient coil

21 Power-supply device

30 Phase-sensitive detection circuit

31 Data acquisition control computer

The invention claimed is:

1. An image acquiring method for acquiring, by use of a
continuous-wave electron spin resonance (ESR) imaging
method including sweeping of a magnetic field, a **N nitroxy
radical distribution image and a *>N nitroxy radical distribu-
tion image in a single image capturing operation, the image
acquiring method comprising:

a process (1): a process for acquiring ESR spectra includ-

ing two absorption peaks, which are an absorption peak
A on a lower magnetic field side or an absorption peak C
on a higher magnetic field side and a central absorption
peak B, derived from *N nitroxy radical, and an absorp-
tion peak X on the lower magnetic field side or an
absorption peak Y on the higher magnetic field side
derived from '°N nitroxy radical in a state in which a
magnetic field gradient is applied and a state in which a
magnetic field gradient is not applied, wherein the ESR
spectra includes a first ESR spectrum acquired in a state
in which a magnetic field gradient is applied and a sec-
ond ESR spectrum acquired in a state in which a mag-
netic field gradient is not applied;

a process (2): a process for specifying a parameter o that
represents an amplitude and a parameter y that repre-
sents a peak position of the absorption peak A on the
lower magnetic field side or the absorption peak C onthe
higher magnetic field side using Fourier transform by
moving the central absorption peak B derived from *N
nitroxy radical to the lower magnetic field side or the
higher magnetic field side in the second ESR spectrum
acquired in the process (1);

aprocess (3): aprocess for acquiring information about the
absorption peak X on the lower magnetic field side
derived from '°N nitroxy radical by subtracting the
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absorption peak A on the lower magnetic field side
obtained using the parameter o and the parameter y
specified in the process (2) and the central absorption
peak B from a spectral area including the absorption
peak A on the lower magnetic field side derived from '*N
nitroxy radical and the absorption peak X on the lower
magnetic field side derived from '°N nitroxy radical in
the ESR spectra, or a process for acquiring information
about the absorption peak Y on the higher magnetic field
side derived from >N nitroxy radical by subtracting the
absorption peak C on the higher magnetic field side
obtained using the parameter o and the parameter y
specified in the process (2) and the central absorption
peak B from a spectral area including the absorption
peak C on the higher magnetic field side derived from
N nitroxy radical and the absorption peak Y on the
higher magnetic field side derived from '°N nitroxy
radical in the ESR spectra;

a process (4): a process for constructing a distribution
image of **N nitroxy radical from information about the
central absorption peak B in the ESR spectra; and

a process (5): a process for constructing a distribution
image of N nitroxy radical from information about the
absorption peak X on the lower magnetic field side or the
absorption peak Y on the higher magnetic field side
acquired in the process (3).

2. An image acquiring apparatus comprising:

a continuous wave ESR apparatus that acquires ESR spec-
tra of a measurement sample;

a magnetic field gradient coil that applies a magnetic field
gradient to the measurement sample;

a power-supply device that drives the magnetic field gra-
dient coil; and

a computer that reconstructs an image using the ESR spec-
tra acquired from the continuous wave ESR apparatus,

wherein the ESR apparatus is capable of acquiring the ESR
spectra including two absorption peaks, which are an
absorption peak A on a lower magnetic field side or an
absorption peak C on a higher magnetic field side and a
central absorption peak B, derived from '*N nitroxy
radical, and an absorption peak X on the lower magnetic
field side or an absorption peak Y on the higher magnetic
field side derived from *>N nitroxy radical in a state in
which a magnetic field gradient is applied to the mea-
surement sample by the magnetic field gradient coil and
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a state in which a magnetic field gradient is not applied,
wherein the ESR apparatus includes a first ESR spec-
trum acquired in a state in which a magnetic field gra-
dient is applied and a second ESR spectrum acquired in
a state in which a magnetic field gradient is not applied,
and

the computer executes

a process (1): a process for specifying a parameter o that
represents an amplitude and a parameter y that repre-
sents a peak position of the absorption peak A on the
lower magnetic field side or the absorption peak C onthe
higher magnetic field side using Fourier transform by
moving the central absorption peak B derived from *N
nitroxy radical to the lower magnetic field side or the
higher magnetic field side in the second ESR spectrum,

aprocess (2): aprocess for acquiring information about the
absorption peak X on the lower magnetic field side
derived from '°N nitroxy radical by subtracting the
absorption peak A on the lower magnetic field side
obtained using the parameter o and the parameter y
specified in the process (1) and the central absorption
peak B from a spectral area including the absorption
peak A on the lower magnetic field side derived from '*N
nitroxy radical and the absorption peak X on the lower
magnetic field side derived from **N nitroxy radical in
the ESR spectra; or a process for acquiring information
about the absorption peak Y on the higher magnetic field
side derived from **N nitroxy radical by subtracting the
absorption peak C on the higher magnetic field side
obtained using the parameter o and the parameter y
specified in the process (1) and the central absorption
peak B from a spectral area including the absorption
peak C on the higher magnetic field side derived from
14N nitroxy radical and the absorption peak Y on the
higher magnetic field side derived from '°N nitroxy
radical in the ESR spectra,

a process (3): a process for constructing a **N nitroxy
radical distribution image from information about the
central absorption peak B in the ESR spectra, and

a process (4): a process for constructing a >N nitroxy
radical distribution image from information about the
absorption peak X on the lower magnetic field side or the
absorption peak Y on the higher magnetic field side
acquired in the process (2).
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